There are myriad mechanisms that collaborate for the proper regulation of gene expression, including the spatial positioning of genes along the chromosome. Numerous studies in many model systems have characterized the effects of genomic context on transcriptional regulation, with several recent studies expanding our understanding of the nature and mechanisms underlying this phenomenon. This mini-review will focus on these recent developments to our understanding of the role of spatial positioning in transcriptional regulation and how these can lead to disease.
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Science Publishing Group Copyright 2018 www.spg.ltd 3 tails-establishing an active (or an inactive) transcriptional state [10] . The subnuclear arrangement of the chromosomes and their three-dimensional configuration within the nucleoplasm, plays a significant role in transcriptional regulation with the formation of chromosomal territories [11, 12, 13] .
It is recognized that transcription is influenced by genomic layout -the two-dimensional distribution of genes along the chromosomes. The spatial arrangement of certain loci is essential for proper regulation during development, such as the formation of higher order structures that allow for the beta-globin genes to interact with their locus control region [14] . Some regulatory elements have the ability to initiate transcription on both strands of DNA, allowing for the co-regulation of certain gene pairs, such as the histone protein coding genes which are found in a divergent (←→) orientation [15] . While both of these examples attest to the importance of the spatial positioning of genes along the chromosome for proper gene regulation, recent developments suggest that the distribution of genes throughout the genome may play a much more significant role in transcriptional coordination than initially appreciated. Spatial positioning is especially important for the regulation of functionally related genes, those that are in the same cellular and molecular pathways and are coordinately expressed as a regulon [16] . This review will to highlight developments on the role of spatial positioning in proper transcriptional regulation and the implications for human disease.
The Telomere Proximal Effect and Position Effect Variegation
The telomere proximal effect (TPE) was initially identified in the budding yeast, Saccharomyces cerevisiae, when it was found that the insertion of URA3, TRP1, or an ADE2 reporter gene in various locations and orientations adjacent to the chromosomal telomeres led to transcriptional repression of the corresponding reporter. The TPE is distance dependent; as the region between the telomere and a reporter increased, so does expression of the reporter gene [17] . The transcriptional repression caused by the TPE is due to the assembly of transcriptionally inactive heterochromatin that forms at the telomeres and spreads outwards in a continuous fashion mediated by the silent information regulator (SIR) protein and the structural maintenance of chromosome (SMC) protein complexes [18, 19] . The TPE is not a phenomena that is unique to S. cerevisiae or fungi, the effect is widely conserved throughout eukaryotes -including in humans. The longer the telomeres, the greater the range and the extent of transcriptional silencing. The mechanism underlying TPE silencing is also conserved, with silencing in humans dependent on SIRT6 and histone deacetylation [20, 21] .
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Position effect variegation (PEV) is a similar phenomenon initially identified and characterized in the fruit fly, Drosophila melanogaster, where the integration of a reporter construct adjacent to a silenced genomic locus results in gene silencing [22] . As in the case with the TPE, the PEV was identified by the silencing a reporter gene, resulting from the spread of heterochromatin in the adjacent gene into the region with the reporter. PEV is distance dependent as well, with the requirement of spatial proximity to initiate gene silencing [22, 23] . Both phenomena illustrate how the genomic positioning of a reporter gene is influenced via changes to the local chromatin structure inherited at the site of integration.
Eukaryotic Gene Clusters and Correlated Domains of Expression
Recent advances in high throughput, genome wide technologies, discovered that many species exhibit correlated expression of genes located in close spatial proximity along the chromosome.
Microarray studies allow for the characterization of the entire genome, permitting transcriptional characterization of every gene simultaneously, and these studies identified localized clusters of correlated gene expression in: the zebrafish, Danio rerio, the flowering mustard plant, Arabadopsis thalania, the fruitfly, Drosophila melanogaster, the budding yeast, Saccharomyces cerevisiae, the nematode worm,
Caenorhabditis elegans, and in humans, Homo sapiens [24, 25, 26, 27, 28, 29] . These clusters of coordinated gene expression are distributed throughout the genome, typically limited in size and scope to domains of 2-10 genes. Although larger domains of correlation have been observed, this is not the norm -with the exception being regions reminiscent of operon-like organizations seen in C. elegans [26, 27, 28] .
A recent comprehensive comparative analysis revealed this correlated expression is a fundamental characteristic of transcription conserved throughout widely divergent eukaryotes [30] .
There is a global positive transcriptional correlation in eukaryotes, and the distance of this effect scales to genome size: extending for 1kB window in the S. cerevisiae (genome size approximately 12 megabases), extending for an 8kB window in C. elegans (genome size approximately 100 megabases), and extending for 329kB in humans (genome size approximately 3.2 gigabases) [30] . The genomic signatures demarcating the boundaries that limit the influence of a gene upon its neighbors most likely depends on a combination of chromatin structures and the Mediator complex [31, 32, 33] . There is also extensive variation seen at the level of individual loci, however, consistent with previous observations that found regions of anti-correlated transcription at certain loci [34] .
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Transcriptional Interference of Reporter Gene Expression in Eukaryotic Organisms
Further evidence of the intimate relationship between gene expression and chromosomal organization can be observed during gene activation. The integration of the kanamycin reporter gene (the KAN R gene), the highly-expressed marker used in the yeast-deletion library, can result in the transcriptional activation of the gene directly adjacent to marker placement; this is called the 'neighboring gene effect' (NGE) *35+. The frequency of this interaction varies -with the NGE altering the expression of up to 800 genes (between 7-15% of the genome). Follow-up analysis uncovered this effect resulted in the misannotation of over 9,000 genetic interactions [35, 36] . The NGE is not an artifact specific the KAN R reporter construct -extensive variation in transcription is documented for the genome wide integration of the red-fluorescent protein (RFP), green-fluorescent protein (GFP), and LacZ reporters that were independent of promoter strength or integration site [37] .
Those who utilize synthetic biology approaches for industrial and medical applications must understand the effect of spatial positioning in modulating expression. The induction of a gene results in the activation of the surrounding genes in humans, consistent with a model whereby this activation triggers 'ripples' -analogous to a pulse of activation that radiates outward over tens of kilobases [38] .
High-throughput screens have been designed to rapidly characterize the effects of random targeted integration of reporter constructs genome-wide to characterize chromosome context on transcript levels in a reporter and promoter specific manner in eukaryotic cell lines, using 'thousands of reporters integrated in parallel' (termed TRIP). This approach demonstrates that the site of integration can vary as much as a thousand-fold at the RNA level based chromosomal context [39, 40] .
All these studies clearly illustrate that the transcriptional differences initially characterized at heterochromatic loci are not simply limited to the TPE or PEV or localized to loci on a small scale. The transcriptional permissiveness of genomic loci vary greatly, resulting in significant differences to the levels of gene expression for reporter constructs observed at the level of RNA expression.
Adjacent Gene co-Regulation
Certain functionally-related gene families exhibit a non-random genomic distribution. The first documented instance was identified in S. cerevisiae for the genes involved with the biogenesis of the ribosome -both the ribosomal protein (RP) gene family and the rRNA and ribosome biosynthesis (RRB)
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Science Publishing Group Copyright 2018 www.spg.ltd 6 gene family [41, 42, 43] . This distribution was not limited to S. cerevisiae, the clustering of the RP and the RRB gene families was observed in both the opportunistic pathogen, Candida albicans, and the distantly related fission yeast, Schizosaccharomyces pombe [43] . When the actual paring relationships were investigated it was found that the individual paired genes differed among species, although the absolute numbers of genes functionally clustered (e.g. the overall number of pairings that exist) remained relatively constant. Follow-up comparative analysis found a non-random genomic distribution exists in both the RP and RRB gene families, and it is wide-spread amongst eukaryotes [44] . context. The first translocation linked to disease in humans involves the two-way translocation between chromosomes 9 and 22 forming the Philadelphia chromosome, a hallmark of chronic myeloid leukemia [46] . This translocation results in the errant expression of a receptor tyrosine kinase, BCR-ABL, which results in a hyperactive fusion protein leading to disease. While this locus is a hot spot for translocation, there is not a nucleotide-specific breakpoint. As a result, there are multiple BCR-ABL fusion forms that can form, which lead to other cancers including: acute lymphoblastic leukemia, acute myeloid leukemia, and chronic neutrophilic leukemia [47] . While the diseases are caused by the abnormal fusion protein, it is noteworthy that after the translocation event occurs both loci are transcriptionally active, albeit under the control of a new regulatory logic than prior to the crossing over [48] .
The genomic re-arrangement that occurs during a translocation does not need to result in a fusion and H4K20me3) and acetylation leading to repression of GMCL1 [49] . GMCL1, in turn, is a regulator of the tumor suppressor system, MDM2-P53. Downregulation of GMCL1 expression in this tumor type is correlated with a significantly shortened survival prognosis [49] .
The telomere position effect can also lead to disease. The TPE contributes to the manifestation of phenotypes seen in facioscapulohumeral muscular dystrophy (FSHD). FSHD is characterized by two genomic changes: the contraction of reduced repeat numbers of the D4Z4 elements found in the peritelomeric region of chromosome 4q and attrition of the corresponding telomere. The 3.3kB D4Z4
repeat is ordinarily present in up to 100 copies in unaffected individuals, but individuals with FSHD have no more than 10 repeats [50] . The disease phenotype manifests itself only after telomere attrition which occurs during aging, ameliorating the TPE keeping this region repressed as heterochromatin. At this point DUX4 (present in the terminal D4Z4 repeat) and the adjacent gene FRG2 are both upregulated, leading to the muscular atrophy and weakness characteristic of this disease [51] . In a small subset of patients with FSHD (5-10% of the population), this results in longer distance activation of the SORBS2 gene, over four megabases away, via the formation of a loop (a phenomena that is called TPE-over long distances, or TPE-OLD) [52] . On a genome-wide level, position effects on transcription have also recently been characterized by their influence on patients with the human immunodeficiency virus (HIV). The TPE alters
Science Publishing Group Copyright 2018 www.spg.ltd 8 the transcriptional permissiveness at the site of viral integration, which alters the efficacy of treatment in certain patient populations by masking the virus during the latent period [53] .
Telomere shortening can result in the formation of ring chromosomes, a genetic disorder characterized by telomeric fusion. The shortened telomeres fuse together resulting in a circular chromosome, which causes an altered TPE. In chromosome 17 ring syndrome, this fusion results in a loss of telomeric sequences resulting in the altered expression of twelve genes in this region, including: SIRT7, FOXK2, and NXN. As in the case with FSHD, the shorter the telomeres the more significant the symptoms of this disorder [54] . This is not unique to just chromosome 17, as the misexpression of telomeric genes is a broad characteristic of ring chromosomes that can contribute to the etiology of the disease [55] .
A role for adjacent gene co-regulation may also exist in disease progression. The TF HSF1 is overactive in a number of cancer types, effectively acting as a driver for malignancy [56] . When HSF1 is overactive it increases transcription in a number of target genes, re-wiring the transcriptome and giving the cell a cancer signature transcriptional profile. These target genes are clustered together in the genome, with a number of them localized to chromosome 8q22.3 and 8q24.3. Functional characterization of these HSF1 targets links to pre-mRNA processing, demonstrating the first example of functionally-clustered genes being aberrantly expressed in cancers [57] .
Conclusions
As many gene expression mechanisms are conserved throughout eukaryotes, it is likely that spatial positioning plays a fundamental role in the regulation of gene expression. The clustering of functionally related genes may represent an efficient evolutionary adaptation that streamlines the genome allowing efficient transcriptional coordination of many genes that are functionally related and are required in stoichiometric levels [58] .
